The preparation and characterization of p-tert-butylcalix [4]arene-1,3-bis(allyloxyethoxy)ether (CA[4]-BAE) chemically coated capillaries via a free-radical reaction with vinyltriethoxysilane (VTES) that was attached onto the inner wall previously were carried out. IR spectra and decreased electroosmotic flow (EOF) suggested that the capillary was successfully coated with CA[4]-BAE. A slight slope of EOF versus pH at 5 < pH < 9 would help to make the separation reproducible. The CA[4]-BAE-coated capillary showed improved separations of toluidine isomers, naphthol isomers and polycyclic aromatic hydrocarbons (PAHs) compared with an uncoated capillary. The special selectivity indicates that there is a certain extent of host-guest interactions between the solutes and the CA[4]-BAE coating.
Introduction
Capillary electrochromatography (CEC), which combines the advantages of the high efficiency of capillary electrophoresis (CE) and the high selectivity of liquid chromatography (LC), has recently received considerable attention. Open-tubular CEC (OTCEC) with a coating attached to the inner wall of a capillary as an alternative approach, eliminates the problems encountered in packed-column CEC. 1, 2 The possibility of using various macrocyclic molecules as stationary phases is often viewed as "highly selective" for CEC, etc. Mayer et al. 3, 4 reported on cyclodextrin and Liu et al. 5 prepared a macrocyclic polyamine coating to enhance the separation selectivity in OTCEC. Macrocyclic dioxopolyamine was attached onto the inner surface of capillaries via chemical bonding for the separation of phenolic compounds, 6,7 and 2,6-dibutyl-β-cyclodextrins onto the inner wall of the capillaries to separate phenolic compounds and enantiomers of ibuprofen and binaphthol. 8 Calixarenes, cyclic oligomers of p-substituted phenolformaldehyde condensates, have emerged as attractive macrocyclic molecules after crown ethers and cyclodexrins in host-guest chemistry. 9 The outstanding recognition ability of the calixarenes as receptors is mainly based on their variable pliability, which allows a kind of induced fit to the shape of a suitable guest molecule. 9 Until now, many functionalized calixarenes have already been synthesized. Numerous applications of calixarenes have been reported in various fields, such as modifier of an ion-selective electrode, 10 a chromatograhy stationary phase, 11 and a mobile-phase additive. 12 However, very little work has been devoted to using calixarene as modifiers for CEC, compared with many reports found in concerning GC and LC. More recently, we prepared a calix [6] crown coated capillary to successfully separate phenolic compounds and toluidines. 13 To the best of our knowledge, 1,3-bridged calix [4] arenes were easily synthesized in higher yields than 1,2-bridged calix [4] arenes. In the meantime, most of 1,3-bridged calix [4] arenes trend to adopt a stable cone conformation, which plays an important role in a complexation of a guest molecule. Therefore, it is reasonable to believe that 1,3-bridged calix [4] arenes have a more essential value in chromatography separation.
We report here on a new approach to prepare a p-tertbutylcalix [4] 
Experimental

Apparatus and reagents
Analyses were performed on the HPCE system (Beijing New Technology Application Institute, China).
Fused silica capillaries of 50 µm i.d. were purchased from Yongnian Optical Fiber Factory (Hebei Province, China). All capillaries have a length of 50 cm with an effective length of 38 cm. Detection was carried out by on-column spectrophotometric measurement at 254 nm. Samples were introduced hydrostatically by elevation of the sample vials (5 cm) high for 10 s. Doubly deionzed water (18.2 mΩ) from a Milli-Q system (Millipore, Bedford, MA) was used to prepare all standard and buffer solutions.
The melting points were recorded on a Gallenkamp melting point apparatus in open capillaries, and were uncorrected. All solvents were purified by standard procedures. All other chemicals were the analytically pure grade and used without further purification. Vinyltriethoxysilane was obtained from the Chemical Plant of Wuhan University (Wuhan, China). Isomers prepared by dissolving them in methanol, pure water or their mixture, and diluted to the desired concentration using the electrophoretic running buffers and passed through a 0.45 µm membrane filter before use. In all experiments, 10 mM aqueous sodium phosphate buffers were used.
Column preparation
The preparation scheme of the new capillaries is shown in Scheme 1. CA [4] -BAE was prepared as an OTCEC stationary phase through a free-radical reaction with vinyltriethoxysilane, which had already been already anchored to the capillary wall.
By reacting p-tert-butylcalix [4] To a 250 µL toluene solution of 25 mg of vinyltriethoxysilane, 5 µL 5% trifluoroacetic acid (TFA) was added under the irradiation of ultrasonic waves. The solution was introduced into a pretreated capillary 15 under 0.6 Mpa nitrogen pressure; the capillary was then placed in an oven with both ends sealed to heat for 4 h at 120˚C.
To a 100 µL toluene solution of 5 mg of CA [4] -BAE, 100 µg of di(iso-propylbenzene) peroxide (DCUP) was added under the irradiation of ultrasonic waves. The solution was introduced into the above-mentioned capillary under 0.6 Mpa nitrogen pressure, and the capillary was then placed in an oven with both ends sealed to heat for 6 h at 150˚C. Finally, the capillary was flushed with toluene, THF, and methanol, and blown with nitrogen for 30 min. Prior to use, the capillary was washed with methanol and H2O for 30 min, sequentially, and then washed with a buffer until equilibration.
Results and Discussion
Column characterization
The coating processes were proven to be successful by IR and the result of electroosmotic flow (EOF). The IR data contained features identified on silica materials modified by a silanization reaction and bonding process: 16 peaks in the benzene ring stretching region at 1484 -1428 cm -1 , the C-O-C stretching band at 1203, 1042 cm -1 , peak at 868 cm -1 for the tetrasubstituted benzene ring. Neither of the three peaks could be observed on an etched capillary without being chemically modified column. These results confirm the successful bonding of the CA [4] -BAE moiety to the capillary wall.
EOF measurements
The dissociation of the residual silanol group of the inner capillary surface may contribute to the electroosmotic flow.
The magnitude and direction of the EOF reflect the effectiveness of the coating processes and the features of the functionalities. Figure 1 shows a plot of the EOF as a function of the pH for CA [4] -BAE-coated capillies as well as bare capillaries using a 20 mM phosphate buffer ranging from pH 5 to 9. It was observed that the EOF for a CA [4] -BAE-coated column was much lower than an uncoated one, even lower than a silanized column. Over the entire pH range studied, the magnitude of the EOF remained positive, which was an indication of a negatively charged surface and electroosmotic flow from the anode to the cathode. The bonded functionalities effectively shielded the silanol group, and greatly reduced the EOF. In addition, the slight slope of EOF versus pH for coated columns was favorable to achieve better resolution and reproducible results. not separated in a bare silica capillary, whereas in a coated one they were well separated; besides, the migration times increased, which made it reasonable to believe that the CA[4]-BAE coating plays an important role in separation. Calixarenes have a cavity composed of electron-rich benzene π-systems to easily include organic amines and ammonium cations, especially for aromatic amines. 17 Crown ether was also known to include organic amines and primary amine salts, due to a hydrogen-bonding interaction between the analyte and the macrocyclic polyether. 18 Because 1,3-bridged CA [4] -BAE adopted a stable cone conformation, and meantime it combined the advantage of calixarene and open-ring crown ether moieties, it exhibits a superior recognition ability toward selected analytes, which greatly facilitates separation.
Separation of solutes Separation of isomeric toluidines.
A similar phenomenon was observed by calix [6] crown-coated capillaries.
13
Separation of isomeric naphthols. Figure 3 shows that the naphthols isomers were successfully separated by CA [4] -BAEcoated capillaries. Naphthol isomers were not separated in a bare silica capillary, although the pKa of α-naphthol and β-naphthol were 9.30 and 9.57, respectively. It was found that the pH of the buffer had little effect on their separation in the CZE mode, even when using the pH 9.0 of the running buffer. It was noted that CA [4] -BAE-coated capillary columns could easily obtain a baseline separation of naphthol isomers. The broadened bands, as well as the effect of decreased efficiency of mass transfer, showed a strong solute-bonded phase interaction. A similar phenomenon was observed for the calixarene-based stationary phase of HPLC. 19, 20 This can be attributed to a synergistic effect of the π-π interaction and a hydrogen-bonding interaction. Compared with β-napthol, α-naphthol can be easily ionized into more α-napthoxylic anions, which are better electron-donors with a high electron density and hydrogen acceptors. Thus, the joint effect of the stronger π-π interaction with CA [4] -BAE and the formation of hydrogen bonds with an open ring-crown ether structure and the residual phenolic hydroxyl groups of CA [4] -BAE determined that α-naphthol was finally eluted. Separation of PAHs. Figure 4 illustrated the separation of PAHs. The mixture could be clearly resolved into five peaks, whereas when all were coeluted on a bare column, the migration times increased for all of the components. The synthesized new stationary phase showed excellent separation abilities for PAHs. Studies of the retention behaviors of PAHs showed a predominantly reversed-phase character of this new stationary phase. It was interesting to note that the elution sequence was not only dependent on the hydrophobic interaction, the π-π interaction and the inclusion interaction between the analytes and the stationary phase might also play an important role in separation. The existence of an inclusion interaction between PAHs with calix [4] arene was also reported by Leyton et al. 21 Nevertheless, the inclusion property of CA [4] -BAE has to be further verified.
In following experiments, the column performance of a CA [4] -BAE-modified CEC column using 20 mM phosphate containing 40% methanol buffer (pH 8.0) was evaluated with PAHs. As can be seen from Table 1 , the column efficiencies were in the range from 7.88 × 10 4 to 1.362 × 10 5 plates/m. The relative standard deviation of the average migration times were less than 2.55% for within-column in five replicate runs and 4.07% for column-to-column measurements. The retention time reproducibility on the modified column was very high. 
